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ABSTRACT
A STUDY OF PROCESSING-STRUCTURE-PROPERTY CORRELATIONS
IN NOVEL INORGANIC PHOSPHATE GLASS/POLYAMIDE 66
HYBRID MATERIALS WITH ENHANCED BENEFITS
by Jin Katena
May 2011
A new class of inorganic glass/organic polymer hybrid materials has been
developed recently by using ultra low Tg tin fluorophosphate glass (Pglass) to combine
the advantages of classical polymer blends and composite materials without their
disadvantages. One of the important advantages using Pglass is that desirable
morphology and properties can be tailored because Pglass becomes liquid under
processing conditions of the most plastic materials. Recent study found that polar
thermoplastic polymers seem to have a good interaction with the Pglass. In this study, the
Pglass was introduced into a commodity thermoplastic polymer matrix, polyamide 66
(PA66), using a conventional melt-mixing process. Torque reduction and suppression of
shear-induced heating were observed during the mixing process. The obtained
Pglass/PA66 hybrid materials were investigated by means of differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA), tensile tests,
thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The
melting and crystallization behavior of the hybrids is largely influenced by Pglass due to
the interaction between both components. The addition of Pglass decreases the melting
and crystallization temperatures and percent crystallinity of P A66. A single glass
transition is detected at low Pglass concentrations. Mechanical properties were enhanced
11

by the Pglass due to the active interaction between Pglass and P A66. TGA results reveal
that the thermal stability ofPA66 at high temperatures was sufficiently improved by
increasing Pglass content and that the rate of degradation was retarded even though
hybrid materials start degrading earlier than the neat PA66. A well disperse and
distribution of micrometer size Pglass droplets in PA66 matrix were observed from SEM
micrographs.
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CHAPTER I
INTRODUCTION
Thesis Organization
This thesis includes four chapters. Chapter I is a general introduction of hybrid
materials including types, structure, production methods, and properties. Phosphate
glass/polymer hybrids are the main focus of this section, and information regarding
previous work as well as ultra-low glass transition (Tg) phosphate glasses (Pglass) will be
presented. The goal and specific objectives ofthis research are stated at the end of this
chapter. Chapter II describes information about materials used for this research, the
procedure of preparing Pglass/P A66 hybrid materials, and all characterization techniques
and methods as well as experimental condition parameters used. Chapter III
comprehensively discusses the results obtained from the experiments in terms of
influence of Pglass during mixing process, thermal melting and crystallization,
mechanical properties, thermal stability and degradation, and morphology ofthe
Pglass/PA66 hybrids. Finally, Chapter IV provides conclusions of the research and
possible future research directions.
Literature Review
Special inorganic phosphate glass/organic polymer hybrids are important
industrial materials because their properties can be tuned to satisfy a wide range of
applications. The size and morphology of the dispersed phosphate glass (Pglass)
component is determined during processing and is crucial to the final physical properties.
In general, it is believed that the criteria for formation of a homogeneous hybrid material
is governed by a phase inversion process that is strongly affected by factors such as
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inorganic glass or polymer liquid droplet breakup and coalescence, viscosity ratio, type of
mixer, phase melting and adhesion characteristics, and method of adding the components
to the glass/polymer hybrid materials. Presently, there is great interest in micro- and
nano-length scale technologies in which inorganic phosphate glass/organic hybrid
materials could play an important role, but the physics of processing these hybrids in the
liquid phase when the size of the dispersed (minor) phase is comparable to a sample
dimension is not available. From an engineering viewpoint, there is a need to control
miscibility (especially at the interface between domains) and phase domain size. Very
small sizes (200 A) serve to make good mechanical damping compositions, while
domains ofthe order of 1000 A make better impact-resistant (or crashworthy) materials.
Understanding the thermodynamics of hybrid phase separation, mass transport, and
nanoscale structures is critical to the successful preparation of larger scale components
with desirable properties. The scientific challenges include a plethora of fundamental
questions concerning the processing, structure (ranging from nanometer to micrometer
length scales), and behavior of the hybrids, especially understanding the structures
(particularly as influenced by processing) and the mechanisms of phase separation and
property enhancement.
Inorganic/organic hybrid materials provide a route to novel structures,
morphologies, and properties that are impossible to achieve using conventional
technologies since their self-organized structures of the inorganic glass/polymer hybrids
are thermodynamically stable because of the molecular level dispersion inherent in their
preparation method. Figure 1-1 shows typical SEM images of 50% by volume inorganic
Pglass in polyethylene [top] and in polystyrene [bottom] showing the remarkable
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differences in morphology that depend on composition and processing.

50 microns
Figure 1-1.
Typical Pglass/Polymer hybrid morphologies (Pglass/LDPE [top] and
Pglass/PS [bottom]).

Over 30% of the commercial polymers used worldwide are organic polymer blends or
composites [1,2]. When inorganic fillers such as CaC03, talc, glass, and clay are
incorporated into these polymer blends, substantial improvement in properties such as
stiffness, strength, dimensional stability, and flame resistance is seen over that of the pure
polymers. However, addition of solid inorganic fillers often leads to intractable viscosity
of the polymer hybrid, especially at filler levels greater than 30% by volume. This makes
it impossible to process them in the liquid state into useful products using conventional
plastic processing methods such as injection molding. While alkali silicate glasses with
high melting or softening points have been used in simple polymer-silica glass
composites or polymer/clay nanocomposites for a tremendous range of applications,
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these composite materials still have limited property and performance enhancement due
to their simple and for the most part fixed morphology (i.e., that of rigid solid fibers
embedded in an organic polymer). In contrast, the hybrids of the current project described
in this thesis show all the benefits of traditional filled plastic composites but without their
disadvantages. For example, these hybrids make the versatile, low-cost, and simple
strategy widely applicable. Therefore, they would be suitable for all forming operations
(extrusion, casting, machining, and molding) and for a wider range of applications than
traditional silica glass/polymer composite materials and polymer/clay nanocomposites.
The Pglass/polymer hybrids are also expected to find new applications as barrier
materials and polymer electrolyte membranes for fuel cells.
An inorganic phosphate glass component that is fluid during processing can be

added into a polymer to provide an inorganic/organic hybrid system with interesting
structures and relatively low viscosity at very high volume content of the inorganic phase.
The advantages of the hybrids are due principally to generation of the very small domain
sizes (often < 100 nm) of the inorganic glass phase, which creates the very large
interfacial areas that facilitate interaction or compatibilization between the phases. As
already mentioned, the present hybrids realize all benefits of conventional fiberreinforced plastics but overcome their disadvantages. These benefits together with the
ones already discussed are unknown for conventionally filled materials. Recent successes

[3- 5] in developing low-T g inorganic glasses based on phosphate glass chemistry have
spurred interest in the relationship between processing, structure, and properties of
inorganic/organic polymer hybrids for potential applications as gas/liquid barrier
packaging, mechanical and optical components. The low T g ( - 120 °C) of the inorganic
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glass phase permits its loading at a very high content (2: 50% by volume or 90% by
weight) in the hybrid. By contrast, such high glass loading levels are impossible to
process using conventional inorganic fillers such as borosilicate (E-glass) glasses and
conventional polymer processing methods because of the high intractable viscosity of the
composite.
Phosphate glasses [3- 8] offer many advantages over the more traditional
inorganic fillers such as silicate glasses [9]. One of the former is a Tg that is low enough
to permit processing in the liquid state with engineering thermoplastics to afford
composite hybrid systems [4,10,11]. Recent studies [4,5] have focused on developing
water- and chemically-durable phosphate glasses with low Tg ( - 120 °C) for the purpose
of producing injection-moldable glass/polymer composites that are stiff, strong, and
dimensionally stable at temperatures close to 120 °C for high-end uses where the pure
polymers cannot be used. Formability of hybrids has been demonstrated by injection
molding with different thermoplastics, thermosets [4,5,11,13], and biodegradable plastics
[ 14], to yield composites with considerable improvement in stiffness and strength over
their pure polymers.
Previous work has shown that the phosphate glass forms dispersed phases that are
present as very small beads or elongated fiber structures in the continuous polymer phase,
depending on the nature of the composite components and processing conditions to an
extent. Compared with the earlier glass/polymer (GP) technology patented by Corning
[4,11,15] , the present proposed hybrids are remarkably different in many ways. For
example, the GP technology was based exclusively on alkali zinc phosphate (AZP)
glasses with 220 °C < Tg < 350 °C and high temperature polymers such as poly (ether
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ether ketone) and poly (ether sulfone). It is worthy to note that Corning did not
commercialize the GP technology because the relatively high temperatures (~ 400 °C)
needed to process the GP materials often caused thermal degradation of the organic
polymer component of the GP material and crystallization of the AZP glasses used. These
drawbacks were exacerbated by the relatively high shear deformation needed to blend the
GP materials at high AZP glass concentrations (~ 50 vol.%). While the previous work at
Corning was primarily aimed at developing new AZP glass compositions and GP
materials containing zinc phosphate-based glass systems and expensive, limited high
temperature polymers for high-end uses, this thes~s project aims at synthesizing ultra-low
T8 (Tg ~ 120 °C) tin oxide- and tin fluoride-doped phosphate glasses following the
synthetic routes reported in the literature, processing them with relatively inexpensive,
well-characterized commodity plastics such as polyamide 66 to form easily processible
inorganic/organic polymer hybrid systems with interesting structures and properties
useful for a number of applications requiring chemical inertness and durability, high
stiffness, strength, and toughness (or crashworthiness), and excellent flame resistance and
gas/liquid barrier properties.
Phosphate glasses are scientifically and technologically important because of their
lower transition temperatures, excellent optical properties, intrinsic flame resistance, and
higher thermal expansion characteristics as compared to silicate or borate materials.
These properties were recently utilized in the development of fast ionic conductors and
various optical devices [4,16]. In addition, new compositions of these glasses have been
developed which show unique potential uses and blended in the liquid state with high
temperature polymers [3,5]. While glass chemistry has been used for many years to
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optimize the physical properties of glass for a range of applications, such as high purity
silica used in optical fibers, new opportunities exist for a broader exploration of glass
chemistry beyond traditional alkali silicates to meet demanding technological needs in
non-linear optics, phosphorescent, fluorescent, and scintillator materials. To our
knowledge, there is only one reported attempt by Niida and coworkers [17] to synthesize
organic/inorganic hybrid precursors through a non-aqueous acid-base reaction process.
These hybrid compounds are promising precursors for a new type of transparent,
colorless, and low-melting glass. However, these new low-melting glasses are not
suitable for the present project because of their ultra-low Tg (~ 29 °C) and relatively poor
durability compared with that of the tin fluorophosphate (TFP) glass ofthis thesis.
Phosphate glasses are among the lowest melting of all glasses that still retain very
good water and chemical weatherability and are non-toxic, low cost, and easily
processible. In addition, these glasses are known to be polymeric in nature, and the chainlike structure of the phosphate glasses can range from two to 50 units of phosphate anion
tetrahedral depending on the metal: phosphate ion ratio in the glass composition. The
resident modifier ions introduced into the structure can markedly affect chain length,
length distribution and therefore melting/softening behavior, making it easy to tune the
Pglass structure and properties during processing. Specifically, in this project low-Tg tin
oxide- and tin fluoride-doped Pglasses first reported by Tick [ 18, 19] will be used as
starting points, eliminating the difficulty of using the well-known sol-gel approaches for
the present purpose. The repeat unit of the Pglass network was elucidated by Xu and Day
et al. [20,2 1] and is shown in Figure 1-2.
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Hybrid materials have been observed to have interesting morphologies and
mechanical properties [22-26]. For example, dramatic improvements in mechanical
properties such as creep resistance or dimensional stability of the hybrids have been
reported [27]. Understanding the phase separation, morphology and local structure of
these glass/polymer hybrids is important in interpreting and controlling the observed
physical properties. Preliminary work by Otaigbe and coworkers indicates that the
organic and inorganic components are mixed at the molecular level (i.e., form a single
phase) during processing in the liquid phase as briefly discussed. For Pglass/polyethylene
(PE) hybrids, there are very distinct changes in the local structure of the Pglass
component, while the polyethylene (PE) component shows minor variations of the overall
phase morphology [25]. Evidence for miscibility and nanoscale dispersions of hybrid
components has been reported recently, and the 31P MAS NMR spectroscopic results
show that there are very pronounced differences in the Pglass structure as a function of
different volume percent loadings in the hybrids. The single broad 3 1P resonance
characteristic of the pure Pglass is replaced by 5 to 6 distinct new phosphorus species
[25]. There does not appear to be a 3 1P resonance that is the same as that for the base
Pglass as reported previously [25]. This fact indicates that there is no bulk Pglass simply
residing in the PE matrix, but instead all of the Pglass has undergone a structural change
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during the formation of the hybrid. In addition to the crystalline orthorhombic and
monoclinic modifications of the PE, a number of fast relaxing, non-PE resonance
structures were observed in the hybrids, ascribed to additives such as brominated flame
retardants. Differences in the relaxation properties of these structures were used too for
reliable deconvolution and quantification, making it possible to discern the effects of the
Pglass addition on the PE morphology in the hybrid. It is noteworthy that the percent
crystallinity (due primarily to the semi-crystalline polymer phase) of the hybrid as
determined by the solid-state NMR methods was found to be consistent with that
obtained from differential scanning calorimetry (25].
Schmidt-Rohr et al. used 31PeH} HeteronucleAr Recoupling with Dephasing by
Strong Homonuclear Interactions of Protons (HARDSHIP) NMR methods [28,29] in
order to estimate the thickness of the Pglass particles, based on the distance-dependent
dipolar couplings between 1H in the polymer matrix and 31 P in the Pglass. This new
method is designed to suppress dephasing by dispersed protons with long T 2 relaxation
times, so that only the strongly coupled polymer protons affect the 31P magnetization of
the phosphate glass. Based on the observed HARDSHIP dephasing, a Pglass particle
diameter of ca. 10 nm was estimated. The nanometer-scale particle size was confirmed in
1

H-3 1P HetCor experiments with inverse 1H T2 filtering, which showed relatively fast (1

ms) cross polarization from polyamide 6 protons, identified by their upfield chemical
shift and short 1H T2 , to a significant fraction of 31 P in the glass.
Additional proof of nanometer-scale dispersion of the Pglass in the polymer has
been provided by 1H spin diffusion NMR data from 1H dispersed in the phosphate glass
(10 vol.%) to the polyamide 6 matrix (Figure I-3).
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Figure 1-3.
Spin diffusion from H dispersed in.the Pglass (10 vol.%) to the PA6
1
matrix, obtained at 13kHz MAS in a dedicated H NMR probe head. The data were
obtained with spin-diffusion times tm between 0.1 ms and 1 s from two series ofT2,w
filtered two-dimensional 1H NMR exchange spectra, with two different T 2,Hfilters. The
intensity of the diagonal signal of the Pglass protons (7 ppm, 7 ppm), corrected for T1,H
relaxation, is plotted as a function of the square root of the spin diffusion time.
1

Two series of two-dimensional H NMR exchange spectra were obtained at 13kHz MAS
with mixing times between 0.1 ms and 1 s, and different T2 filters [29]. The data strongly
suggest that magnetization of 75% of the phosphate glass equilibrates with the protons of
the polyamide 6 matrix. Given that spin diffusion occurs with a diffusion coefficient of ca.
0.5 nm2/ms, this would prove mixing on a < 10 nm scale.
In addition, Loong and Otaigbe used quasi-elastic neutron scattering (QENS) to
probe the underlying structure and its formation [30]. From the mean-square
2
displacements ofhydrogen atoms (<U >) as a function of temperature data obtained from
QENS ofO, 1, and 10% Pglass/Polyamide 6 hybrids (data not shown), An enhanced
average hydrogen mobility was observed with added 1% Pglass, resulting in a more
2
flexible dynamics. The behavior of added 10% glass is different in both <U > and the
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slopes, suggesting that the dynamics of the hydrogen atoms is not enhanced until above ~
150 °C [30]. There appears to be a change in the rate of increasing <U~ near the glasstransition point. These preliminary QENS data are very encouraging and interesting, and
found to be in good qualitative agreement with the NMR and rheology data,

namely, ~

10% glass is miscible with polyamide 6 which exhibits a marked decrease of viscosity by
a factor of 100.
In another preliminary direct numerical prediction of the gas permeability of
Pglass/Low density polyethylene (LOPE) hybrids through a prior National Science
Foundation (NSF)-supported U.S.-Switzerland international research collaboration,
Heggli et al. found that an improvement of about one order of magnitude in gas
permeability is achievable for a Pglass content of about 65 vol.% [31 ,32]. Even at lower
Pglass content of about 40 vol. %, a decrease in the permeability to about 30% of the
initial value is observed (i.e., better than that of a typical polymer/clay nanocomposite).
This is an encouraging result warranting further investigation in a future research project.
In addition, by using a combination of numerical calculations and X-ray
microtomography data, Heggli et a!. confirmed that the 50% Pglass/LDPE hybrid is
indeed co-continuous. The numerically predicted stiffness of the Pglass/LDPE hybrid is
found to be in the range expected from micro-mechanical models [32] . However, the
predicted stiffness is six times higher than the experimentally measured value of the
hybrid sample. The reason for this discrepancy is presently unknown and conjectured to
be due to some kind of structural change that occurs upon cooling of the sample from the
melting (or Tg) to room temperature. This will be the subject of future research that we
hope will provide the basic knowledge of the structure evolution and the effects of
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processing at moderate temperatures that is the prerequisite for the maximum realization
of the potential of these interesting materials.
The experimental accessibility of the phase structure and dynamics of the hybrids
discussed above confirms expectation of molecular-scale mixing (i.e., formation of a
single phase) during the processing of the hybrid components in the liquid state. The low
T g, favorable flow characteristics, and plausible hydrogen bonding of the hybrid
components facilitate molecular-scale mixing. The ability to combine inorganic Pglass
and organic polymer components at the nanometer scale in a single material is thought to
represent an exciting possibility with extraordinary implications for the rational design of
novel multifunctional materials having a wid~ range of prescribed structures and
properties. It is hoped that this thesis will provide useful guidelines to future experimental
studies and theory development for these little-studied Pglass/polymer hybrids.
Specific Introduction
The project described in this thesis grew from a recent discovery by Otaigbe and
coworkers that addition of small amounts of low-T g tin-fluorophosphate (TFP) glasses
(first reported by Tick [18, 19]) can dramatically reduce the viscosity of high molecular
weight linear organic polymers such as polyamide 6. It was also discovered that the TFP
glass is miscible in the liquid state with certain linear organic polymers. The liquid state
miscibility is thought to be facilitated by the hydrogen bonding between the polar - NH(amide) functional groups of the organic polymers and the -OH groups of the TFP glass
due to their close proximity in the inorganic glass/organic polymer hybrid. In addition,
the TFP glass/polymer hybrids display a tunable morphology ranging from nanoscale
dispersions of the TFP glass phase in the polymer phase to interesting co-continuous
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(interpenetrating) structures with unique periodicity and phase connectivity of the hybrid
components, depending on factors such as type of polymer, the concentration ofTFP
glass, and processing (or mixing) conditions to an extent. While these observations are
intriguing, their underlying fundamental mechanisms are unknown and likely to be due to
the complicated interaction between the TFP glass and the organic polymer chain
entanglements or constraints depending on the processing conditions.
Silica-based Inorganic/organic polymer hybrid materials are generally prepared
via solution or sol-gel techniques [23,33,34]. To our knowledge, there are few studies in
the literature on applying these techniques to inorganic phosphate-based hybrid systems
as reported by Niida and coworkers [17]. It is very difficult to use the sol-gel method for
the present project because the resulting samples from sol-gels are often porous and crack
or severely contract to squeeze out the incorporated organics when solvents in gels are
evaporated [17]. However, there are reported studies on blending polymers with clay and
ceramic nanoparticles to produce polymer nanocomposites systems [35- 37]. While these
techniques have been successful in generating new materials with interesting properties,
this thesis describes a relatively new and facile approach to generate a promising new
class of hybrid materials based on low Tg inorganic phosphate-based polymer hybrids
that have the potential to deliver unprecedented properties discussed later. These hybrids
combine in one material the excellent gas/liquid barrier properties and flame resistance of
inorganic glasses with the mechanical toughness and ease of processing of organic
polymers (such as commodity plastics) for next generation applications where either pure
glass or polymer is not useable. Rational processing and design of these materials remain
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a key challenge to achieving these properties, and this thesis moves this research frontier
forward toward this elusive goal.
There are many advantages of Pglass/polymer hybrid materials and their
processing methods. For example, previous work reported by Tick [18,19] has shown that
certain phosphate glasses which have softening points as low as 100 °C and still exhibit
very good water and chemical weatherability, and no toxicity can be synthesized [18,19].
A dramatic advancement in glass processing can be achieved with these glasses because
their low softening points make them suitable for a wide range of polymer processing
methods that were never before possible with the high-Tg alkali silicate glasses. This
processing advantage combined with their intrinsic flame resistance, low T gS, excellent
optical and tribological properties, and high thermal expansivity makes these
polyphosphate glasses ideal for use in a range of optical, electro-optical and structural
and packaging/thin film applications in concert with optimized engineering polymers. In
addition, the preparation method of these Pglass/polymer hybrids avoids the use of toxic
chemicals with high volatile organic content (common with sol-gel based methods) as
well as the high temperatures needed for solid-state reactions used to generate other
silica-based polymer hybrids. Another advantage of the Pglass/polymer hybrids of this
thesis over conventional silica-based or clay-based polymer hybrids is the fact that the
morphology of the Pglass/polymer system can be tailored during processing because both
the inorganic and organic components are both liquid during processing. This tailoring of
morphology is impossible to achieve with existing technologies commonly used for
silica-based polymer hybrids and nanoparticles.
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The phase behavior of low Tg Pglass/polymer hybrid liquids is of crucial
importance to understanding the morphological behavior and realization of improved
solid-state end-use properties of the hybrid materials. Figure 1-4 is a generalized
composition versus desired property map for a binary hybrid showing synergistic
properties (Region A), property addition (Region B), and property degradation
(Region C).
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Generalized composition versus desired property map for a binary hybrid
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This thesis will focus on the composition space in Regions A and B. In addition, it is
imperative to determine the fundamental processing, structure, and physical property
relationships (not presently available) for the Pglass/polymer hybrids in order to optimize
them for targeted applications. As such, a strong component of this project will be to
balance the synthesis of TFP glasses with a systematic study of the fundamental
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processing, structures, phase separation, and properties of the Pglass or organic polymer
in the hybrids.
Research Objectives
The main goal of this research is to establish a fundamental understanding for a
phosphate glass/polyamide 66 hybrid system as well as contribute to the series of studies
on these glass/polymer hybrid materials in the literature. The results will provide a guide
for future experimental studies and theory development. The specific objectives ofthe
project are to:
•

Prepare novel glass/polyamide 66 hybrid materials containing up to 50 volume % of
low Tg tin fluorophasphate glass (Pglass).

•

Observe the influence of the addition of Pglass during the melt-mixing process.

•

Characterize the thermal melting and crystallization behavior of the hybrids.

•

Determine both the dynamic and static mechanical properties of the hybrids.

•

Characterize the thermal stability and degradation behavior of the hybrids.

•

Characterize the solid phase morphology in the hybrids.

•

Understand the complex processing-structure-property correlations inherent to the
hybrids.
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CHAPTER II
EXPERIMENTAL
Materials
Polyamide 66 pellets (Zytel® 42A) were obtained from DuPont. The tin fluoride
and tin oxide were supplied by Cerac Inc., and the ammonium phosphate monobasic was
supplied by Sigma-Aldrich. The tin fluorophosphate glass (Pglass) having a molar
composition of 50% SnF2 + 20% SnO + 30% P20 5 with a density of 3. 75 g/cm3 and an
average Tg of 125.7 °C was synthesized in our laboratory following procedures reported
in the literature [18]. Tin fluoride, tin oxide, and ammonium phosphate monobasic were
mixed, heated in the oven at 420 °C for 25 min; and cooled to room temperature. The
obtained Pglass was ground into fine powder using a mortar and pestle. All the
experimental samples containing polyamide 66 or Pglass were thoroughly dried in a
vacuum oven at 80 °C for at least 48 hours or until constant weight was achieved prior to
any processing or characterization.
Melt Blending
Hybrid materials with Pglass loading varying from 1 to 50 vol.% were prepared
using a Thermo-Haake Polydrive®Melt Mixer equipped with twin roller blades. Prior to
melt-mixing, the Polydrive® mixer was preheated to 270 °C to ensure that the instrument
had reached thermal equilibrium. A fixed shear rate of 50 rpm was set. Polyamide 66
(PA66) pellets were added first into the mixer and maintained for 2 min until a
homogeneous melt was achieved. Subsequently, the Pglass powder was added, and the
mixture was melt-mixed for 8 min until it homogenized completely. Also neat PA66 was
processed under the same conditions. The melt-mixed hybrid materials were collected in
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"chunks" from the mixer and ground into fine powder using an IKA® WERKE M20 mill.
Liquid nitrogen was used to help to grind the low Pglass content hybrid materials.
DMA and tensile test samples were made by injection molding using a DACA
Instruments Microinjector® at a barrel and mold temperatures as outlined in Table II-I.
The mold residence time was 3 minutes.

Table 11-1.

Injection Molding Processing Conditions Used
Sample

Barrel temperature (°C)

Mold temperature (°C)

NeatPA66

280

50

1% Pglass/PA66

280

50

2% Pglass/PA66

280

50

5% Pglass/PA66

275

50

10% Pglass/PA66

260

50

20% Pglass/PA66

255

50

30% Pglass/PA66

245

80

40% Pglass/PA66

240

80

50% Pglass/PA66

225

90

Differential Scanning Calorimetry
Differential scanning calorimetry tests were carried out using a PerkinElmer
Diamond® DSC instrument. The sample weights ranged from 4.0 mg to 8.9 mg. All
samples were heated from room temperature to 300 oc and held for 10 min at this
temperature to eliminate the thermal history. The resulting samples were cooled from
300 oc to -10 oc at 10 °C/min, held for 2 min at - 10 °C, and heated from - 10 oc to
300 °C at 10 °C/min. The DSC was calibrated with an indium standard prior to use.
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Dynamic Mechanical Analysis
Dynamic mechanical spectra were obtained using a PerkinElmer Instruments
Pyris Diamond® dynamic mechanical analyzer (DMA). The specimens were small
rectangular bars of approximate size 20 mm x 5 mm x 1 mm and subjected to a
sinusoidal oscillation under a tensile mode. Measurements were carried out at a constant
frequency of 1 Hz, a heating rate of 3 °C/min, and in the temperature range between
-150 oc and 250 °C.
Tensile Tests
Tensile tests were conducted using an 810 Material Test System® at room
temperature. Dogbone shaped samples were approximately 4.0 mm wide and 1.6 mm
thick, with an effective gauge length of 30 mm. The crosshead speed was set at 5
mm/min. The number of sample specimens tested ranged from 3 to 5, and the averaged
values and standard deviations are reported in this thesis.
Thermogravimetric Analysis
The thermal stability and degradation of the hybrids were measured using a
PerkinElmer Pyris 1 Thrmogravimetric Analyzer (TGA) at a heating rate of20 °C/min in
nitrogen atmosphere and a temperature range of 40 to 800 °C. The samples used for
testing contained 9 to 10 mg of material.
Scanning Electron Microscopy
Surface morphological images of samples were acquired using a FEI Quanta®200
Scanning electron microscope (SEM). The fractured surfaces of the hybrids obtained
under the liquid nitrogen atmosphere were coated with gold using a sputter coater to
prevent building of electrical charge. The accelerating voltage was 20 kV.
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CHAPTER III
RESULTS AND DISCUSSION
Melt Blending
Mixing torque and temperature are important variables for evaluating the
processing characteristics of polymer hybrids. The mixing torque is proportional to the
melt viscosity of the material during mechanical shearing or mixing. The torque and
temperature in the mixer during mixing were measured as a function of time. Figure III-I
shows typical change in torque and temperature with time during the mixing process of
neat PA66.
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Figure /Il-1. Torque and temperature versus time graphs recorded during the mixing
process for neat P A66.
Generally the mixing torque can be divided into two parts: peak torque and stabilization
or equilibrium torque. For neat PA66, the first peak after 1 minute in the figure

21
corresponds to the addition ofPA66 pellets to the preheated empty mixer. The torque
increases immediately after adding P A66 pellets due to the resistance on the rotors from
the unmelted PA66 pellets. As PA66 starts melting, its viscosity reduces, and the torque
decreases. The increase of torque at 2 minutes corresponds to lowering the plunger into
the mixer to prevent air and moisture entering inside the mixer. Afterwards, the torque
decreases again and becomes stable when PA66 is completely melted. The stabilization
torque of this P A66 keeps decreasing until it reaches zero at approximately 15 minutes,
and the processed P A66 shows light brown discoloration as compared to its original
opaque color. This behavior is probably due to shear-induced thermal degradation.
According to the literature [38,39], the thermal degradation ofPA66 involves
crosslinking and increasing molecular weight of polymer chains, leading to increased
viscosity. In this case, the shear induced by the rotors causes scission of P A66 molecular
chains, which decreases the molecular weight, and these reduce the viscosity. In order to
prevent thermal degradation of P A66, the processing time was shortened as compared to
that used for other systems in our laboratory [27,40,41]. In addition, the rotor speed was
reduced to 50 rpm compared to 75 rpm used for Pglass/polyamide 6 hybrid materials.
The temperature during the mixing process decreases upon addition of PA66 pellets,
subsequently increases to the set temperature of 270 °C after about 4 minutes, and keeps
increasing due to the shear-induced heating until it reaches 280 °C at 10 minutes.
Figure III-2 to 111-7 show typical changes in torque and temperature with time
during the mixing process of the hybrids with compositions ranging from 1 to 50% Pglass
loading. The first peak corresponds to addition of PA66 pellets, and the increase in torque
depends on the amount of added PA66.
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The second peak in torque at 2 minutes corresponds to addition ofPglass powder to the
mixer. Note that the Pglass was added only after the torque had reached a steady (stable)
value. The torque increases again when Pglass is added since the rotors experience some
resistance again. However, since Pglass has very low Tg (approximately 125.7 °C), the
torque decreases immediately as the Pglass becomes liquid at 270 °C. In fact, the melt
viscosity decreases upon addition of Pglass for all the hybrid compositions studied.
Viscosity normally increases when solid fillers such as silicate glass fibers or clay are
introduced into composite systems [42-44], and has been reported even in some polymer
blend systems [45- 49]. The addition ofPglass also prevents PA66 from thermal
degradation as evidenced by the lack of discoloration of P A66 as Pglass concentration
increases. As a matter of color of hybrid materials, the opaque PA66 and transparent
Pglass form creamy white hybrids after the mixing process, suggesting that a certain
reaction may have occurred between the two components. One possible chemical reaction
is ester formation between the carboxyl acid end groups ( - COOH) of P A66 and the
hydroxyl ( - OH) groups of Pglass. In addition, there should be strong hydrogen bonding
between the amide groups (- NH- ) ofPA66 and hydroxyl groups (- OH) ofPglass. The
stabilization torque at 10 min decreases with increasing Pglass content and finally reaches
zero at 10% Pglass/P A66 hybrid. The viscosity increases at around 6 minutes for 5 to
30% Pglass/PA66 hybrids. This may be due to possible foaming of the material as
evidenced by the spongy texture of these hybrid compositions. This phenomenon does
not occur in Pglass/PA6 hybrid system [41].
Figure 111-8 shows the temperature at 10 minutes at different Pglass/PA66 hybrid
compositions.
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Figure 111-8. Shear-induced heating at 10 minutes as a function of Pglass concentration
(Processing temperature is 270 °C).
The temperature during the mixing process decreases after the addition of P A66 and
Pglass. As previously mentioned, neat PA66 reaches 280 °C at 10 minutes due to the
shear-induced heating, while 40% Pglass/PA66 hybrid reaches a temperature of 272 °C.
Therefore, shear-induced heating is suppressed as Pglass content increases. This
hypothesis is consistent with the observed reduction in melt viscosity caused by the
addition of Pglass. The viscosity increase at around 6 minutes for 5 to 30% Pglass/PA66
hybrids did not lead to any significant temperature changes. These viscosity and shearinduced heating reductions are expected to enhance the processability of the hybrid
materials.
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Thermal Melting and Crystallization Behavior
When a polymeric material is melt-processed, it undergoes a transition from the
melt (or liquid) to a solid state. PA66 is a semi-crystalline polymer material that forms
crystals during the transition from liquid to solid state. The degree of crystallinity and the
rate of crystallization affect the final properties of a polymeric material. Therefore, it is
very important to understand the melting and crystallization behavior of the Pglass/PA66
hybrids.
All the thermal characteristics of neat PA66 and Pglass/PA66 hybrids as
determined by DSC analysis are summarized in Table III-I.

Table III-1. DSC Characteristic Parameters and Percent Crystallinity ofNeat PA66
and Pglass/PA66 Hybrids
Sample

Tm (0 C)

Tc (°C)

Xc (%)

Neat PA66

26 1.4

231.6

39.8

1% Pglass/PA66

258.7

226.1

35.7

2% Pglass/PA66

256.0

220.9

34.7

5% Pglass/PA66

255.4

2 15.2

3 1.7

10% Pglass/PA66

252.0

211.0

24.0

20% Pglass/P A66

245.8

206.0

17.4

30% Pglass/P A66

232.7

195.7

16.6

40% Pglass/PA66

202.0

177.4

17.7

50% Pglass/PA66

The heating scans for neat P A66 and Pglass/P A66 hybrids and the melting temperature
Tm as a function of volume percent Pglass are shown in Figure III -9 and III-1 0,
respectively. The insert plot in Figure III-9 shows the closeup of melting peaks for 30 and
40% Pglass/PA66 hybrids.
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Neat PA66 shows a melting temperature of 261.4 °C. Also there is a minor peak at
251.7 °C, consistent with previous studies in the literature [50- 53]. This small melting
peak corresponds to its Brill transition, due to the movement between the crystal sheets in
PA66 [50]. The Brill transition peak becomes smaller as Pglass is added and is no longer
observable at 10% Pglass content probably because the interaction between P A66 and
Pglass restricts the movement ofPA66 crystal sheets [52].
The melting temperature ofPglass/PA66 hybrids initially decreases gradually to 245.8 °C
at 20% Pglass content. However, Tm decreases dramatically to 202 °C for the 40%
Pglass/PA66 hybrid (See the insert plot in Figure III-9), and no melting peak is observed
for the 50% Pglass/PA66 hybrid. Melting point depression is a very good indication of
miscibility between two components. The reduction in melting point is attributed to
thermodynamically favorable interactions between the components, and similar behavior
has been reported for po.lycarbonate (PC)/polycaprolactone (PCL) and polyamide
11/sulfonated polysulfone (SPSF) miscible blends [54,55]. This phenomenon may be
related to the reduction in crystallite size in the presence of the filler as previously
reported for clay and silica nanocomposite systems [56- 59]. However, clay and silica do
not change the shape of the DSC melting peak. In the hybrid system, the melting peaks
become broader and smaller as the Pglass content increases, and there is no T mseen for
50% Pglass/PA66 hybrid.
In order to investigate this behavior, the percent crystallinity (Xc) of neat P A66
and Pglass/PA66 hybrids was calculated as the ratio of the heat of fusion of the PA66
component of the sample (~H) to the heat of fusion of the 100% crystalline form ofPA66
(~H ) . The melting enthalpy is proportional to the amount of crystallized fraction. The
0
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higher the crystallinity fraction, the more energy needed to melt the crystals. Note that
195.9 Jig was used as L\.H0 value for PA66 [60], and that PA66 is the only crystallizable
component in this hybrid system since Pglass is completely amorphous [19-21,61]. The
XJ; value as a function ofPglass content is shown in Figure III-11.
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hybrids at different Pglass

Neat PA66 has around 40% crystalline domain. It can be seen that the percent
crystallinity of Pglass/PA66 hybrids decreases as the Pglass content increases and reaches
a final value of about 17% at 20% Pglass content. This decreasing crystallinity behavior
is consistent with previous studies on Pglass/LDPE and Pglass/PA6 hybrid systems,
where it was shown that Pglass inhibits crystallite formation [62- 64]. It is believed that
the Pglass is acting similarly in this hybrid system of the present study and is a common
feature of hybrid systems. It is an experimental fact that the addition of Pglass to any
polymeric matrix consistently reduces the overall crystallinity in Pglass/polymer hybrid
systems. However, the origin of this phenomenon is not presently understood and a
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matter for future studies. One possible explanation is that the strong interaction between
Pglass and PA66 disrupts PA66 crystallization and affects the PA66 melting behavior as
well, broadening the DSC peak shape and reducing the percent crystallinity. The reduced
crystallinity has been reported for polymer blends such as PC/PCL blends [55] and
polyamide 6/polystyrene [65]. One plausible reason why there is no melting peak
observed for 50% Pglass/PA66 hybrid in DSC heating scan is that the P A66 crystalline
domains in the hybrid are too small to be detected (less than 20% of 23 wt.% PA66 in the
50 vol.% Pglass/PA66 hybrid).
Figure III -12 and III-13 show the cooling scans and crystallization temperatures
as a function of volume percent Pglass for neat P A66 and Pglass/PA66 hybrids. Neat
PA66 crystallizes at 231.6 °C. Similar to the trend observed in the melting behavior, the
crystallization temperature Tc of Pglass/PA66 hybrids decreases and broadens as Pglass
content increases until Tc is no longer observed at 50% Pglass content. Obviously Pglass
has no nucleation effect. In contrast, clay, flame retardants, and n-HA have been reported
to accelerate the crystallization rate of the PA66 matrix [52,58,66 - 68]. The nucleation
effect of the Pglass has been reported for Pglass/LDPE and Pglass/PP hybrid systems by
Guschl et al. [62,63] and is affected by the concentration in Pglass/PA12 system [69]. In
this system, the interaction between PA66 and Pglass prevents P A66 from rearranging to
form crystals and retards the crystallization rate and temperature. This hypothesis is
consistent with the observed reduction of the percent crystallinity of the hybrids
mentioned above. This also explains how Pglass reduces the viscosity of PA66 during the
melt processing, by disrupting the hydrogen bonding between PA66 molecular chains.
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Dynamic Mechanical Properties
Because this is the first reported study of Pglass/polymer hybrids using P A66 as
a matrix component, the mechanical properties of the hybrid materials are of great
interest. There are three different relaxation processes known for polyamides: an a
relaxation due to the glass transition which originates from large scale motions of the
chain segments in the amorphous domain, a

p relaxation associated with the mobility of

amide groups with weak hydrogen bonding to neighbor chains, and a y relaxation due to
motions of short sequences of methylene groups [70,71].
Figure 111-14 shows the loss moduli of neat PA66 and Pglass/PA66 hybrids as a
function of temperature.
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Figure III-14. Temperature dependence ofloss modulus for neat PA66 and Pglass/PA66
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Only two relaxation peaks for neat PA66 are observed in this figure since the r relaxation
ofPA66 is located below -150 °C, which is beyond our instrumental capabilities. The p
relaxation occurs at - 66.4 °C and is due to the hydrogen bonding between PA66
molecules [72,73]. The glass transition temperature Tg of neat PA66 was found to be
65.6 °C as represented by the peak of the a relaxation.
The peak temperature of Pglass/PA66 hybrid p relaxation seems to be
independent of the amount ofPglass content. However, the peak becomes less defined
with increasing Pglass, which can be attributed to the transfer of the hydrogen bonding
between P A66 molecules themselves to that between P A66 molecule and Pglass. Urman
et al. found that Pglass that is distributed on the molecular level reduces the
intermolecular hydrogen bonding ofthe PA6 chains [74]. Such a change of hydrogen
bonding between intra- and inter-molecular interactions is reported for polyamide
46/ethylene-vinyl alcohol blends by Ha et al. [75] since the poor miscibility of
polyamides with non polar polymers has been pointed out intensively because of the
strong hydrogen bonding between the polyamide chains.
The Tg ofthe Pglass component is not observed for hybrids with Pglass
concentration up to 5%, which should appear at around 125.7 °C. The Tg ofthe Pglass
component is clearly seen at around 135 °C in the 20 to 50% Pglass/P A66 hybrids and is
a small peak at 165 oc in 10% Pglass/P A66 hybrid. Therefore, the Pglass/PA66 hybrid
components are immiscible at more than 10% Pglass loading. Immiscible polymer blends
show multiple Tgs from each component due to the phase separation [76]. The
observation of single Tg as a miscibility criterion between polymers is widely used in
classical polymer blend systems based on the fact that the microdomain size must be
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lower than 15 run [1]. For this reason some authors suggest that the presence of single Tg
does not necessarily indicate miscibility from a thermodynamic point of view but instead
simply reveals the dispersion state of the components [55]. At least we can state that
Pglass/PA66 hybrid system seems to be partially miscible at low Pglass concentrations.
The PA66 Tg of Pglass/PA66 hybrids initially shifts to lower temperature with increasing
Pglass content up to 30% but shifts back to around the Tg of neat PA66 at Pglass
concentrations ~ 40%. The 50% Pglass/PA66 hybrid shows slightly higher Tg than that of
neat PA66. The exact nature of this behavior is unknown. One possible explanation is
that molecular chain entanglement of P A66 is disrupted by the addition of Pglass since
Pglass has distributions of chain lengths and. is considered to be inorganic polymer
[ 19- 21 ,61]. If there is no molecular interaction between PA66 and Pglass, the loss
modulus curve of Pglass/PA66 hybrids would remain unaffected by the addition of Pglass
[77]. It is probable that hydrogen bonding between PA66 and Pglass is involved in this
case. A reduction in hydrogen bonding between PA66 molecular chains may create more
possibility of long range segmental chain movement, resulting in a lowering ofTg· In a
previously reported Pglass/P A6 system, the Tg of PA6 decreases as the Pglass content
increases, and Pglass acts like a plasticizer in PA6 matrix for the same reason [64]. In
addition, no Tg for Pglass was observed up to 10% Pglass concentration in Pglass/PA6
system either. However, factors that can influence the relaxation behavior of polymer are
not only hydrogen bonding between two organic polymers but also the addition of
inorganic fillers to a polymer matrix. Pglass is considered to be a relatively short chain
inorganic polymer and at the same time as inorganic filler in the hybrid system. This fact
makes Pglass/polymer hybrid behavior unique and different as compared to polymer
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blends such as PA6/EVOH blends by lncarnato et al. [78]. The reason for this
discrepancy is presently unknown. Pglass obviously does not plasticise the PA66 matrix
according to the storage modulus and tensile test results which will be discussed later.
The increasing Tgat 40% Pglass content is probably due to a phase inversion (the loss
modulus of Pglass/PA66 hybrids indicates this occurs between 30 and 40% Pglass
contents). The PA66 phase is not likely to disperse into a Pglass rich matrix. Therefore,
PA66 domains are just covered by the Pglass matrix at Pglass content higher than 30%
and exhibit aTg similar to that of neat PA66.
The TgS of neat PA66, pure Pglass, and Pglass/P A66 hybrids were also
determined from the midpoint of the heat capacity change (~Cp) observed on the DSC
heating scans. These values along with the results from DMA analysis are summarized in
Table 111-2 and Figure 111-15. Generally, the Tg determined by DMA is higher than the
corresponding Tg measured by DSC [79]. Neat PA66 and pure Pglass have distinct Tgs at
52.7

oc and 125.7 °C, respectively. However, Pglass/PA66 hybrids do not exhibit clear

glass transitions, making it difficult to determine accurate Tg. Therefore, the results from
DSC are only used for comparison. The trends of decreasing T g of PA66 with increasing
Pglass, no Tg of Pglass observed at low concentrations, and higher T g of Pglass observed
at higher compositions than that of Pglass itself are consistent with DMA results.
However, the Tg of Pglass/PA66 hybrids determined by DSC decreases at high
compositions, while that determined by DMA increases at 30% Pglass content. The
reason for this difference is currently unknown. Attempts to model these TgS using the
Fox and the Gordon-Taylor equations fail.
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Table III-2. Glass Transition Temperatures ofNeat PA66, Pure Pglass, and
Pglass/PA66 Hybrids Determined by DMA and DSC
DMA

DSC

. Tg ofPglass
. COC)
..

Tg ofPA66
COC)

..
.

Tg ofPglass
(°C)

Tg ofPA66
(°C)

Neat PA66

58.3

-

52.7

1% Pglass/PA66

57.4

..:

-

53.1

-

2% Pglass/PA66

54.5

-

53.6

-

5% Pglass/PA66

55.3

-

52.1

-

10% Pglass/PA66

49.0

165.6

48.7

20% Pglass/PA66

44.4

133.4

43.2

165.1

30% Pglass/PA66

40.6

1.33.9

38.9

158.3

40% Pglass/PA66

56.7

128.2

37.0

149.9

50% Pglass/PA66

65.7

-

33.3

150.8

Pure Pglass

-

-
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Figure III-15. Glass transition temperature for neat PA66 and Pglass/PA66 hybrids
determined by DMA (• ) and DSC (.6) as a function of volume percent Pglass.
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These equations describe the Tg of polymer blends when no strong interaction exists
between the components and predict Tg value that is between those of the individual
components.This deviation indicates that the Pglass/PA66 hybrid system involves strong
intermolecular forces or chemical reactions between the components [80,81]. Usually
compatible polymer blends exhibit shift of their Tgs toward each other components [76].
Storage moduli of neat PA66 and Pglass/PA66 hybrids as a function of
temperature are shown in Figure 111-16.
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Figure III-16. Temperature dependence of storage modulus for neat PA66 and
Pglass/PA66 hybrids.
The neat PA66 shows high modulus in the glassy state at low temperature range
including a small Prelaxation at - 67 °C, a glass transition at around 50 °C, and rubbery
plateau after the glass transition. As expected, the modulus of Pglass/PA66 hybrids in a
glassy state at low temperatures increases with increasing Pglass content, indicating that
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the addition ofPglass enhances the mechanical property (stiffness) ofPA66. This means
that for typical room-temperature type applications, the higher Pglass loading will have a
significant improvement in mechanical properties. Such improvements are reported for
PA66/Clay nanocomposites and nano-Si0z/PA66 composites [59,77]. However, there
seems to be a contradiction between the decrease ofTg shown above and the increase of
the mechanical properties. Note that there is a significant increase of the glassy state
modulus between the 30 and 40% Pglass/PA66 hybrids, and probably it is related to the
phase inversion that occurs between these Pglass loadings.
The glass transition behavior of Pglass/PA66 hybrids is almost identical to that
of the neat PA66 up to 30% Pglass content. However, changes in the rubbery plateau
values after the glass transition are observed beginning at the 20% Pglass/P A66 hybrid.
The 20% Pglass/PA66 hybrid shows slightly lower modulus after 140 °C than neat PA66
and lower concentration Pglass/PA66 hybrids, while 30% Pglass/PA66 hybrid exhibits a
small transition at around 140 °C corresponding to the glass transition of Pglass
component and reaches even lower modulus than the 20% Pglass/PA66 hybrid. The 40%
Pglass/PA66 hybrid exhibits very different behavior from lower Pglass compositions. It
can be seen clearly that the 40% Pglass/PA66 hybrid has much higher modulus at lower
temperature as mentioned above and two glass transitions at 50 °C and 140 °C with the
same rubbery plateau value as the 30% Pglass/P A66 hybrid. This result suggests that the
Pglass/P A66 system is partially miscible at low Pglass concentrations and becomes
immiscible at Pglass loading more than 20%. The lower modulus of high concentration
Pglass/PA66 hybrids at high temperatures can be explained by the fact that Pglass
component of the hybrids is liquid at elevated temperatures (i.e., T > Tg).
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Tensile Mechanical Properties
Mechanical properties play a large role in determining whether a material can be
used for a certain application. The mechanical properties of polymer blends depend on
the individual component properties, blend composition, and on the final morphology of
the material. Polymer composite properties, on the other hand, depend on factors such as
the type and concentration of filler, and how the filler is arranged in the material (i.e.,
packing fraction). The Pglass/polymer hybrids of the present study fit in between these
two types of polymeric materials. Therefore, tensile mechanical properties of
Pglass/PA66 hybrids are investigated.
Typical stress versus strain curves of neat PA66 and Pglass/PA66 hybrids are
shown in Figure III-17. The insert plot shows the stress versus strain curves of high
Pglass composition hybrids. The tensile material properties are summarized in Table III-3 .
The overall tensile test results are consistent with the DMA results discussed previously.
Neat PA66 exhibits a curve of typical polymer material behavior with an obvious yield
stress at 6.3% strain and ductility until fai lure at 33.4% strain.
The Young' s modulus and tensile strength of neat PA66 and Pglass/PA66
hybrids at different Pglass compositions are evident in Figure III-18. Both Young's
modulus and tensile strength of Pglass/PA66 hybrids steadily increase with increasing
Pglass content compared to those of neat PA66 (see Figure III-18), similar to results
reported for the Pglass/PA 12 hybrid system [69]. However, in the Pglass/P A6 system,
P A6 becomes less stiff as Pglass concentration increases [64]. A similar mechanical
property improvement has been reported by other researchers for P A66/Clay
nanocomposite and nano-Si02/PA66 composite systems [59,77].
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Table III-3.

Tensile Properties for PA66 and Pglass/PA66 Hybrids

Sample

Modulus
(MPa)

Tensile
Strength
(MPa)

Strain
at Yield
(%)

Elongation
at Break
(%)

NeatPA66

1862 ±55

57.6 ± 1.3

5.6 ± 0.1

33.4 ± 4.3

1% Pglass/PA66

1980 ± 99

6 1.4 ± 0.3

5.3 ± 0.4

42.4 ± 6.2

2% Pglass/PA66

2046 ± 66

64.3 ± 1.3

5.7 ± 0.1

24.2 ± 1.5

5% Pglass/PA66

2168 ± 79

65.7±2.1

5.8 ± 0.3

20.2 ± 0.4

10% Pglass/PA66

2488 ± 338

2.3 ± 0.3

20% Pglass/PA66

2784 ± 310

0.9 ± 0.5

30% Pglass/PA66

3741 ± 298

0.7 ± 0.3
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Figure III-18. Young's modulus and tensile strength of neat PA66 and Pglass/PA66
hybrids at different Pglass compositions.
It has also been shown that certain Pglass/polymer hybrids display higher Young's

modulus than equivalently filled conventional composites [4,1 2,13]. Generally, the
elongation at break decreases for immiscible reinforced composites [82]. Compatibilized
polymer blends also show increase in tensile strength attributed to a greater frictional
shear force resulting from strong adhesion at the interface between the components [76].
Figure III-1 9 shows elongation at break and strain at yield point of neat PA66
and Pglass/PA66 hybrids at different Pglass compositions. As Pglass is incorporated into
P A66 matrix, the strain at yield does not change, but the yield point becomes less defined
at Pglass content up to 5%. At higher Pglass compositions, the curves begin to resemble
those of brittle solids. It is interesting that the 1% Pglass/PA66 hybrid shows higher
elongation at break (i.e., 42.4% elongation) than that of neat P A66, suggesting that the
addition of Pglass increases the ductility of P A66 due to the interaction between both
components.
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Figure III-19. Elongation at break and strain at yield of neat PA66 and Pglass/PA66
hybrids at different Pglass compositions.
However, the brittle nature of Pglass comes into play and severely reduces the ductility of
Pglass/P A66 hybrids as Pglass increases. Slower crosshead speeds such as 1, 0.5, and 0.1
mrn/min were tried, but the break point and modulus did not change significantly.
Therefore, this brittle behavior tendency is not dependent on the crosshead speed. Also it
is extremely difficult to prepare tensile specimens by injection molding for higher Pglass
compositions (i.e.,~ 40%) due to the brittle nature ofPglass.
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Thermal Stability and Degradation Behavior
PA66 is flammable and thus requires anti-flaming modification prior to use in
engineering applications. In contrast, Pglass is considered to be a very effective flame
retardant. Therefore, thermal stability and degradation behavior of Pglass/PA66 hybrid
materials were studied. Thermogravimetric curves of pure Pglass, neat PA66, and
Pglass/PA66 hybrids are shown in Figure III-20.
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Figure III-20. TGA thermograms of pure Pglass, neat PA66, and Pglass/PA66 hybrids.
The temperature range used for the analysis is 40 to 800 °C. The total weight of pure
Pglass does not change at all throughout the temperature range within the limits of
experimental error (94.1% residue at 800 °C), indicating excellent thermal stability
especially at high temperatures even though Pglass becomes a liquid at higher
temperatures than its Tg (125.7 °C). On the other hand, neat PA66 exhibits nearly
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complete thermal degradation (1.6% residue at 800 °C) starting at around 400 °C with a
rapid weight decrease. It is clear that the total weight loss of neat PA66 is the highest and
reduces gradually down to only 28.3% weight loss for the 50% Pglass/PA66 hybrid (not
shown) with the increasing Pglass content. Also the weight loss rate during thermal
degradation becomes moderate with increasing Pglass content. Therefore, the thermal
stability of Pglass/PA66 hybrids at high temperatures is efficiently improved, and the
thermal degradation rate is retarded by the addition of Pglass since Pglass has a high
thermal stability. Similar results are reported in the literature for other systems such as
nano-hydroxyapatite (n-HA) reinforced PA66 biocomposites [52], nano-Si02/PA66
composites [59], and intumescent flame retardant polypropylene (IFR-PP) composites
[83]; and conventional PA66/clay nanocomposites can not achieve such a thermal
stability at high temperatures due to the limitation of the low clay loading amount [77,84].
Thermal properties of neat PA66 and Pglass/PA66 hybrids obtained by TGA are
summarized in Table III-4, and temperature range of degradation of neat PA66 and
Pglass/PA66 hybrids is shown in Figure III-21 . The onset temperature of degradation (Ti)
of Pglass/PA66 hybrids shifts to lower temperature, while the offset temperature of
degradation (Tr) shifts to the high temperature with increasing Pglass content. In fact, all
Pglass/PA66 hybrids start degradation at lower temperatures and reach higher constant
weight percent at higher temperatures compared to neat PA66. Therefore, the temperature
range of degradation (L1T = Tr- Ti) becomes wider with increasing Pglass, indicating that
degradation rate of Pglass/PA66 hybrids slows as Pglass increases.
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Table III-4.

Thermal Properties of Neat PA66 and Pglass/P A66 Hybrids from TGA
Sample

Ti CCC)

Tr(°C)

D..T (= Tr- Ti) CCC)

Neat PA66

394

501

107

1% Pglass/PA66

393

506

113

2% Pglass/P A66

379

508

129

5% Pglass/P A66

371

509

138

10% Pglass/PA66

366

514

148

20% Pglass/PA66

359

515

156

30% Pglass/PA66

357

513

156

40% Pglass/PA66

352

515

163

50% Pglass/PA66

350

518

168

Neat PA66
1% Pglass
2% Pglass
5% Pglass
10% Pglass
20% Pglas s
30% Pglass
40% Pglass
50% Pglass
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Figure III-21. Temperature range of degradation D..T (= Tr- Ti) ofneat PA66 and
Pglass/PA66 hybrids as described in the text.
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The early onset of degradation is probably because the PA66 weakly interacting with
Pglass is easier to degrade compared to the PA66 strongly interacting with Pglass (will be
discussed in detail with the evidence from differential thermogravimetry curves), and
overall degradation rate may be retarded by the addition of Pglass due to the interaction
between P A66 and Pglass.
The differential thermogravimetry (DTG) curves obtained for the Pglass/PA66
hybrids clearly show the early onset and slow degradation rate shown in Figure III-22.
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Figure 111-22. DTG thermo grams of pure Pglass, neat P A66, and Pglass/PA66 hybrids.
The same trend can be seen for pure Pglass which shows no degradation throughout
temperature range studied; and neat PA66 starts degrading at 370 °C with a sharp peak.
As Pglass content increases up to 10%, the onset temperature of degradation decreases. A
delay in degradation is observed with increasing Pglass content. The degradation peak
temperature ofPglass/PA66 hybrids does not change by the addition ofPglass. However,
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the peak width and height ofPglass/PA66 hybrids become broader and smaller,
respectively, with increasing Pglass concentration compared to those of neat PA66,
which indicates that Pglass can efficiently delay the degradation rate of P A66. It is
worthy to note that Pglass/PA66 hybrids with 30 to 50% Pglass contents show two peaks
during their degradation process. The first peak which appears at 285 °C corresponds to
the early degradation of P A66 matrix that is weakly attached to the Pglass. The second
peak at 460 °C corresponds to the slow degradation of the rest ofPA66 matrix that is
relatively strongly bonded to the Pglass. It is conjectured that the Pglass residue can
prevent the highly interacting (or strongly bonded) PA66 matrix from further degradation
since Pglass is very stable at high temperatures and has a good interaction with PA66
matrix.
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Morphology
In order to provide more support for the miscibility of the organic and inorganic
phases of the Pglass/PA66 hybrids and to determine the Pglass distribution in the P A66
matrix, the morphology of the materials was examined. SEM micrographs of the
fractured surfaces oflow Pglass composition hybrids are shown in Figure 111-23. The
overall morphology of Pglass/PA66 hybrids is relatively similar up to 10% Pglass content.
The small round light spots are Pglass particles. The other light parts are shades of the
fractured surface of PA66 matrix. The dark area is PA66 matrix in these micrographs.
The Pglass can be seen in Figure 111-23 to be well dispersed as small droplet particles
inside the continuous P A66 matrix. All the Pglass/PA66 hybrids studied show that Pglass
droplets are in the micrometer length scales and appear to be completely encased by the
PA66 matrix, which indicates good interaction between the two phases like others have
reported for similar hybrid systems [40,64,69].

Figure III-23. SEM micrographs of selected Pglass/PA66 hybrid compositions indicated.
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CHAPTER IV
GENERAL CONCLUSIONS
Conclusions
This thesis investigated the preparation and properties of novel inorganic
phosphate glass (Pglass)/organic polymer hybrid materials, with the aim of elucidating
the processing-structure-property correlations for the hybrid systems. Various Pglass
compositions ranging from 1 to 50% Pglass/PA66 hybrids were melt-mixed, and torque
and temperature were recorded during the mixing process. The presence of Pglass seems
to prevent PA66 from discoloration and degradation at the processing temperature. The
results show that melt viscosity is reduced by the addition of Pglass. Shear-induced
heating increases the temperature during processing at low concentration Pglass/PA66
hybrids but is suppressed at higher Pglass content hybrids.
DSC results show that melting and crystallization behavior of Pglass/PA66
hybrids is largely influenced by the addition of Pglass. Melting point depression occurs as
Pglass content increases due to the reduction in crystallite size in the presence of the
Pglass filler. The decrease of crystallization temperature and percent crystallinity by the
addition of Pglass indicates that Pglass has little nucleation effect in P A66, delays
crystallization rate, and disrupts crystallizing process ofPA66.
Glass transition behavior of Pglass/PA66 hybrids was investigated using DMA
and DSC methods. A single glass transition temperature was observed at low Pglass
concentrations, indicating at least partial miscibility of Pglass and PA66 components
which decreases as Pglass content increases. However, two glass transitions are detected
at high Pglass concentrations, indicating that the Pglass/PA66 hybrids become
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immiscible with increasing Pglass loading. Attempts to fit the glass transition temperature
ofPglass/PA66 hybrids to the Fox and the Gordon-Taylor equations failed, indicating
strong interaction between the components. The shift of hydrogen bonding from between
P A66 chains to between PA66 chain and Pglass is suggested by changes in the observed
~relaxation process.

Increasing storage modulus ofPglass/PA66 hybrids with increasing

Pglass content shows that the dynamic mechanical properties are enhanced by the
addition of Pglass. A phase inversion occurs between 30 and 40% Pglass contents.
Tensile tests of Pglass/P A66 hybrids provide another evidence to support the
mechanical property improvement ofPA66 by the addition ofPglass. Young's modulus
and tensile strength are sufficiently increased with increasing Pglass content. Pglass
seems to increase the ductility of P A66 in the I% Pglass/P A66 hybrid, but the brittle
nature of Pglass comes into play as Pglass content increases.
Pglass/PA66 hybrids exhibit an outstanding thermal stability especially at high
temperatures, and the Pglass significantly retards the degradation rate of P A66 in the
TGA experiments. However, the thermal degradation of PA66 matrix weakly adhered to
Pglass starts earlier than that ofPA66 strongly adhered to Pglass, resulting in a two step
thermal degradation at high Pglass concentrations.
A well dispersed Pglass distribution and micrometer size droplets of Pglass
particle and good interaction between Pglass and P A66 are evident from SEM
micrographs of fractured surfaces of the Pglass/PA66 hybrids. These results support the
partial miscibility of Pglass and P A66 in the hybrid system.
The inorganic phosphate glass/PA66 hybrid materials represent the next
generation of advanced materials because they provide a route to novel combinations of
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existing chemistry and products with the potential to provide enhanced structures,
morphologies, and properties. The targeted structures, morphologies, and properties are
inaccessible using conventional technologies such as sol-gel methods that pervade the
literature. Understanding how the hybrid structure affects processing and properties is
beneficial to industry since the market for advanced materials continues to expand. The
special combination of properties of the Pglass/P A66 hybrids should open new
applications in aggressive environments hitherto inaccessible to pure glasses or neat
organic polymers. Further, because of their facile synthesis and desirable characteristics,
the proposed hybrid materials are expected to be excellent model systems for exploring
feasibility of new routes for driving organic polymers to self-assemble into useful
materials.
The hybrid preparation method described in this thesis is superior to traditional
sol-gel methods in the literature in that conversion of the raw materials into final
engineering products and is done in one extrusion step without a sol-gel stage. The latter
feature of our process implies that the materials will not contain the commonly observed
defects inherent in conventionally sol-gel processed hybrid materials already discussed,
and process set-up time is faster because conventional extruders can be used. These
desirable features of the proposed process translate into low-cost production of highvalue-added inorganic Pglass/polymer hybrid materials with enhanced properties (and
free of voids and residual stresses). Additionally, processing the hybrid in the liquid
phase affords the possibility of tailoring the materials microstructurally (by varying the
chemical type and amount of the components or compatibilizing agents used) and
macrostructurally (by subjecting the hybrids to post-processing solid-phase processing
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operations near the Tg of the dispersed phosphate glass phase) for specific applications.
For example, since the hybrid is thermoplastic (i.e., reversibly softened by heating), it can
be thermoformed or heat-stamped into various engineering components using wellestablished solid-state processing methods that will preserve the micro- and nano-scale
structures in the hybrid. This is a matter for future studies.
From an engineering point of view, one key impact of the project is the potential
control of miscibility of the hybrid components particularly between the interface of the
phase domains, and of the phase domain size. Very small domain sizes (200 A) are
expected to make hybrid compositions with good mechanical damping characteristics
while larger domain sizes of the order of 1000 A are expected to make better impactresistant (or crashworthy) hybrid compositions. In contrast, a hybrid co-continuous
structure is expected to significantly improve the gas/liquid barrier properties of thin
films fabricated from them, making them potentially useful in fuel cells, solid-state
batteries, protective coatings for microelecetronic components, and as storage materials
for nuclear wastes.
Future Research Considerations
The results and discussion in this thesis have contributed to the fundamental
understanding of Pglass/PA66 hybrid system. Yet, many other aspects of the fundamental
understanding of Pglass/PA66 hybrid system still remain unknown and need to be
investigated further. The following experiments are considered for future study.
Since we have shown that the addition ofPglass has an impact on the
crystallization behavior of the PA66 polymer matrix, crystalline properties and
crystallization kinetics of the hybrids can be studied in details with isothermal DSC
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crystallization measurements using the Avrami equation. The two parameter Avrami
equation was successfully used to describe the crystallization kinetics of many different
systems by a number of researchers [85,86]. It has been previously reported that
Pglass/PA6 hybrid system shows a decrease both in the growth rate and shape factor at
increasing Pglass content, indicating the change in crystalline behavior from three
dimensional spherical growth to two dimensional circular growth [64].
The complex structure of crystalline phase within the Pglass/PA66 hybrids can be
studied using X-ray diffraction (XRD). It is known that PA66 has a. andy crystalline
phases and that the a. phase of P A66 is more stable than the y phase at room temperature.
The a. phase displays two primary strong diffraction peaks at around 20° (200) and 24°
(002 and 202) arising from hydrogen-bonded sheets ofPA66. The d spacings of these
reflections at 0.37 and 0.44 nm are due to the intersheet distance between the sheets and
the projected interchain distance within the sheet, respectively. These two diffraction
peaks will merge into a single diffraction peak of the y phase at elevated temperature
below the melting temperature. This crystal to crystal phase transition is well known as
the Brill transition and is clearly observed in XRD patterns [87 ,88]. Therefore, XRD
study will reveal a more detailed mechanism of the inhibition of the Brill transition by the
addition of Pglass.
As already mentioned in this thesis, melting point depression is a very good
indication of miscibility between two polymers and attributed to thermodynamically
favorable interactions between the polymers. The Flory-huggins x parameter is
commonly calculated and describes the interaction between polymers under
thermodynamic equilibrium [89]. For a large degree of polymerization that is typical of
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polymers, the reduced equation shown by Nishi and Wang [90] can be applied to the
current Pglass/PA66 hybrids. The x parameter for Pglass/PA6 system was calculated to
be -0.067 [64]. This value satisfies the condition for polymer miscibility and indicates
that Pglass and P A6 are indeed miscible in the melt. A similar value is expected for the
current Pglass/PA66 system.
It has been shown in this thesis that Pglass improves the thermal stability of P A66
at high temperatures and retards the thermal degradation rate. The flame retardancy of the
hybrids can be investigated further with a cone calorimeter. The cone calorimeter is one
of the most effective lab scale methods for studying the flammability properties of
materials [83]. Important parameters such as heat release rate (HRR), mass loss rate
(MLR), effective heat combustion (EHC), specific extinction area (SEA), and CO/C02
production rate can be obtained from cone calorimetry experiments.
SEM micrographs for high concentration Pglass/PA66 hybrids can be obtained to
find out the exact phase inversion point, and the particle size of Pglass droplets within
PA66 matrix can be calculated according to following standard procedures reported in the
literature [40,69,91]. In addition, SEM with energy dispersive X-ray spectrometer
(EDAX) can be used to localize phosphorous element of Pglass on the surface of hybrids
to see the distribution of Pglass within the hybrids.
Rheology of this system has not been explored. Therefore, there is a wide range of
rheology experiments that need to be performed. For example, melt and solid state
rheology experiments provide temperature and frequency dependencies of complex
viscosities and shift factors of Pglass/PA66 hybrids along with their model fitting using
advanced rheological theories. The creep and recovery behavior of Pglass/PA66 hybrids
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can be studied to understand the effect of the Pglass on the creep resistance of the PA66.
In addition, plots of storage modulus (G') versus loss modulus (G") is widely used to
investigate the compatibility, morphological development, and temperature dependence
of polymer blends [41]. For example, previous studies show that Pglass!LDPE hybrids
exhibit strong shear-shinning behavior with increasing Pglass concentration [24], and the
Pglass acts as a reinforcement and reduces creep strains in the solid state [27]. The
viscosity of Pglass/PA 12 hybrids increases with increasing Pglass concentration [69].
Hydrogen bonding (and possibly esterification reactions) is unquestionably an
essential factor for polyamide polymers and so is between Pglass and PA66. The
observed difference in hydrogen bonding between PA66 and Pglass/PA66 hybrids and its
mechanism described in this thesis will provide useful fundamental insights into the
origin of the properties of Pglass/PA66 hybrids. Hot stage Fourier transform infrared
spectroscopy (FTIR) can be used to characterize hydrogen bonding and its thermal
motions. The status of hydrogen bonding at various temperatures, especially around Tg,
Tm, and Tc can be examined using hot stage FTIR by focusing on N- H stretching
absorption at 3100 to 3500 cm- 1 [39,59,66].
Silanes are commonly used as a coupling agent to improve the compatibility
between the components of inorganic/organic hybrid materials because in many cases the
incompatibility between the components of hybrid materials due to the strong
agglomeration tendency of fillers makes the dispersion of the inorganic filler into the
polymer matrix difficult [92]. To obtain better dispersion in polymer matrix, fillers can be
pretreated by a surface modification with appropriate silane coupling agents. The silane
treatment is one of common methods. In a prior study on Pglass/LDPE hybrid system, y-
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aminopropyltriehoxy silane was used as a coupling agent to coat Pglass prior to melt
blending by simple immersion in the solution of the coupling agent following the
methods reported previously [93]. The results showed substantial increases in the
complex shear moduli of the Pglass/LDPE hybrids, indicating strong interfacial bonding
between the both components [27]. A similar effect of silane treatment of Pglass can be
expected for the current Pglass/PA66 hybrid system and may lead to the improvement in
miscibility of the components and its mechanical properties.
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